We examined the origins of 120 cultivars of Primula sieboldii, a popular Japanese pot plant with a cultivation history of more than 300 years. In an assignment test based on the microsatellite allelic composition of representative wild populations of P. sieboldii from the Hokkaido to Kyushu regions of Japan, most cultivars showed the highest likelihood of derivation from wild populations in the Arakawa River floodplain. Chloroplast DNA haplotypes of cultivars also suggested that most cultivars have come from genets originating in wild populations from the same area, but, in addition, that several are descended from genets originating in other regions. The existence of three haplotypes that have not been found in current wild populations suggests that traditional cultivars may retain genetic diversity lost from wild populations.
Introduction
Knowledge of the origins of cultivated plant species can be useful in understanding the evolution of crop species (Matsuoka 2005) . Recent developments in molecular markers and population genetics statistics, such as assignment tests that assign each individual to a reference population in which its multilocus genotype is most likely to occur (Manel et al. 2005 ), enable us not only to find ancestral species (Fofana et al. 1999 , Huang and Sun 2000 , Matsuoka et al. 2002 , Molina-Cano et al. 2005 , but also to determine the geographic origins of cultivated species (Friesen et al. 1999 , Sefc et al. 2000 , Olsen and Schaal 2001 , Matsuoka et al. 2002 , Deguilloux et al. 2003 , Harter et al. 2004 .
Primroses (Primula spp.) are among the most popular garden plants in the world (Richards 2003) . In Japan, more than 300 cultivars of Primula sieboldii E. Morren (Primulaceae) are known, and show diverse floral characteristics, including traits scarcely found in the wild (Torii 1985 , Richards 2003 , Yoshioka et al. 2005 , Yoshida et al. 2008 . This species is a heterostylous and perennial herb that occurs in moist habitats from Hokkaido to Kyushu in Japan, the Korean peninsula, northeastern China, and eastern Siberia (Yamazaki 1993) , and has been bred as a traditional garden herb for some 300 years from the Edo period in Japan (Torii 1985) . The establishment periods of most cultivars have been estimated from horticultural literature (Torii 1985) . These traditional cultivars of P. sieboldii are believed to have been established by finding genets with an uncommon appearance in wild populations, and by subsequent intraspecific crossing (Torii 1985) . Each cultivar is clonally propagated by the separation of pips; therefore, there is basically no intra-cultivar genetic variation. Wild populations of P. sieboldii in the Arakawa River floodplain in a suburb of Edo (present-day Tokyo) are widely held to be the most likely geographic source of P. sieboldii cultivars (Torii 1985) ; however, to date, the origins of the cultivars of P. sieboldii have not been scientifically determined.
Although the ancestral species of the cultivars is considered to be exclusively P. sieboldii, it is suspected that congeners may have been used, considering the diverse floral variation; congeners have often been used in the breeding of other garden Primula species (Richards 2003) . Kato and Mii (2000) showed that P. kisoana Miq., a closely related species of P. sieboldii native to Japan, can be successfully hybridized with P. sieboldii, and the inter-specific hybrid can be used for breeding P. sieboldii. Determining the origins of traditional P. sieboldii cultivars will contribute to understanding the history of the horticultural development of this species.
In a previous study, we analyzed nuclear microsatellite variation in representative wild populations of P. sieboldii from the Hokkaido to Kyushu regions of Japan (Honjo et al. 2008a) ; that study revealed significant genetic differentiation among populations. We considered that this regional feature of genetic variation may allow the origins of cultivated stocks of P. sieboldii to be deduced by assignment tests, and we therefore performed a self-assignment test to confirm whether the genotypic information of wild populations was sufficient to estimate the origins of the stocks (Honjo et al. 2008b) . The test assigned 99.6% of the genets to the population from which they had been sampled, implying that this high probability of correct assignment could therefore allow the origins of the cultivars of P. sieboldii to be inferred.
Chloroplast DNA (cpDNA) variation is also becoming a useful tool for tracing the origins of cultivars. We previously analyzed sequence variation in five noncoding regions of cpDNA in 304 genets from 60 wild populations and 31 ex situ stocks of P. sieboldii in Japan: we detected 32 cpDNA haplotypes with local specificity ( Fig. 1 ; Honjo et al. 2004 , Honjo et al. 2008b ). This regional feature of cpDNA variation could therefore contribute to evaluation of the maternal origins of P. sieboldii cultivars.
In this study, we used both nuclear microsatellite and cpDNA variations to examine the origins of P. sieboldii cultivars. Firstly, to confirm the ancestral species of these cultivars, we compared genetic similarity among the cultivars, wild populations, and P. kisoana. Secondly, to reveal the geographic origins of the cultivars, we performed an assignment test based on the microsatellite variation of representative wild populations of P. sieboldii, including two extant populations in the Arakawa River floodplain. In addition, we examined the distribution of cpDNA haplotypes of cultivars in wild populations of P. sieboldii.
Materials and Methods

Plant materials
At the time of flowering (April-May) in 2002 and 2003, we collected fresh leaves from 120 cultivars of P. sieboldii grown at the Agricultural and Forestry Research Center of the University of Tsukuba, and the Horticultural Laboratory of Saitama Prefectural Agriculture and Forestry Research Center (Table 1) . These cultivars were supposed to have been developed between the early 1700s and the late 1900s ( Table 1) . We also collected leaves from two genets of P. kisoana clonally cultivated at the University of Tsukuba.
Genotyping by nuclear microsatellites
Total DNA was extracted from leaves using a modified CTAB method (Murray and Thompson 1980) . The samples were genotyped at the following eight microsatellite loci, which were used in a previous analysis of wild populations (Honjo et al. 2008a) : PS2 (Isagi et al. 2001) , ga0235, ga0381, ga0668, ga01277 (Ueno et al. 2003) , ga0653, ga0666 (Ueno et al. 2005) , and Pri0146 (Kitamoto et al. 2005b) . PCR and electrophoresis using a 3100 Genetic Analyzer (Applied Biosystems, Foster City, USA) were performed as described by Honjo et al. (2008a) .
Data analysis for microsatellite variation
To deduce the origins of the cultivars, we performed an assignment test based on the microsatellite allelic composition of 24 populations of P. sieboldii from the Hokkaido to Kyushu regions, as described in a previous study (Honjo et al. 2008b) . We calculated the likelihood of a cultivar's multilocus genotype occurring in each reference population using Rannala and Mountain's (1997) criterion with the program GeneClass2 (Piry et al. 2004) . The probability that the genotype belonged to the population of highest likelihood was then evaluated using the Monte Carlo resampling method of Paetkau et al. (2004) ; if the probability value α was below 0.01, the origin of the cultivar was rejected from the population. Such a combination of an assignment test and exclusion methodology has been used in previous studies (Manel et al. 2005 , Frantz et al. 2006 , Hare et al. 2006 , Honjo et al. 2008b .
Further, to deduce the relatedness between cultivars, we calculated the number of alleles in common (NAC) (Surles et al. 1990 ) between all pairs of cultivars, which represent the degree of allele sharing. In the case of the eight microsatellite loci, this value ranged from 1 to 16, with higher values indicating more sharing. We calculated an average of pairwise NACs between a cultivar and each of all other cultivars.
Sequencing of cpDNA
In a previous study (Honjo et al. 2004 , Honjo et al. 2008b , we determined cpDNA haplotypes of P. sieboldii based on the sequences of five noncoding regions of cpDNA. Since it is possible to distinguish all but three haplotypes Fig. 1 . Current distribution area of Primula sieboldii in Japan (southern Hokkaido, northeastern Honshu, western Honshu, and central Kyushu) and geographic distribution of cpDNA haplotypes (alphabetical and Greek letters) found in wild populations and ex situ stocks of the species (Honjo et al. 2004 , Honjo et al. 2008b . Haplotypes found from cultivars of P. sieboldii are indicated by squares. Torii (1985) . b Asterisks show the probability of membership of the genotype to the population; where *: with 0.01 ≤ α < 0.05, and **: α ≥ 0.05. The larger value of α indicates a higher probability that the cultivar originated in the population.
A, R and θ, by sequencing only three noncoding regions, we determined the haplotypes of P. sieboldii cultivars based on these three regions: (1) the spacer between trnT (UGU) and trnL (UAA) 5′ exon (Taberlet et al. 1991) , (2) trnL (UAA) intron (Taberlet et al. 1991) , and (3) the spacer between trnD (GUC) and trnT (GGU; Honjo et al. 2004) . When a haplotype was assumed to be A, R, or θ, or when a haplotype showed sequences distinct from known haplotypes, we sequenced two additional regions: the spacers between trnL (UAA) 3′ exon and trnF (GAA; Taberlet et al. 1991) , and that between trnH (GUG) and psbA (Demesure et al. 1995 , Hamilton 1999 ). PCR and sequencing using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems) were performed as described by Honjo et al. (2004) .
Data analysis of cpDNA variation
The geographic distributions of the cultivars' cpDNA haplotypes were determined by reference to Honjo et al. (2004) and Honjo et al. (2008b) , which examined cpDNA variation in wild populations from Hokkaido to Kyushu. To show the relatedness of haplotypes, we constructed a median-joining network (Bandelt et al., 1999) with the epsilon value set to zero using the software Network 4.5.0.0. (http://www.fluxus-engineering.com). For a hypervariable site, i.e., a tandem repeat of mononucleotides in the intergenic spacer between trnT and trnL, we down-weighted the character to half of other loci as recommended by the protocol. As an outgroup, we used a closely related species, P. kisoana.
Results
Assignment test based on microsatellite variation
All eight microsatellite loci were successfully amplified in all 120 cultivars of P. sieboldii and showed polymorphism, with the number of alleles per locus ranging from 3 (PS2) to 18 (ga0666). In contrast, only two loci (pri0146 and ga0381) were successfully amplified in P. kisoana under the same PCR amplification conditions. In the assignment test, 97 cultivars were assigned to a wild population with a probability of membership α ≥ 0.01 (Table 2) . Among these 97 cultivars, 78 showed the highest likelihood of occurrence of their genotypes in populations in the Arakawa River floodplain (Ageo and Tajimagahara populations), 12 in populations around Mt. Asama (Gunma and Karuizawa populations), and five in other populations in central Honshu (Nasu, Shinanomachi, and Takayama). The other two cultivars were assigned to Hidaka in Hokkaido, which is located far from central Honshu. Populations to which cultivars were assigned with a highest probability of membership (α ≥ 0.05) were those in the Arakawa River floodplain or the area around Mt. Asama (Table 2) . Twenty-three cultivars were not assigned to any population with α ≥ 0.01, although they showed the highest likelihood of occurrence in the abovementioned populations in central Honshu or Hokkaido (Table 2) .
Relatedness between cultivars
The average of pairwise NACs between a cultivar and each of all other cultivars ranged from 3.277, 4.563, and 5.311 in 'Setsugetsuka', 'Akatonbo', and 'Osuma' to 9.370, 9.429, and 9.790 in 'Hagino-uwakaze', 'Tamasango', and 'Fuyo', respectively.
Chloroplast DNA haplotypes detected in the cultivars
From the cultivars of P. sieboldii, 10 cpDNA haplotypes (A, E, G, H, I, P, α, β, γ, and δ; Table 1 and Fig. 1 ) were identified. These 10 haplotypes were already present in cultivars established by the early 1800s (Table 3) . Among these haplotypes, 7 have been found in wild populations or ex situ stocks (Honjo et al. 2004 (Honjo et al. , 2008b ; haplotypes E, H, and I were found in wild populations in the Arakawa River floodplain, around Mt. Asama, or both, haplotype G and α in ex situ stocks originating from the Arakawa River floodplain, haplotype P in a population near Mt. Asama, and haplotype A was only found in populations in western Honshu and Hokkaido. Haplotypes β, γ, and δ were newly detected and were not found in wild populations. The nucleotide sequences of the new haplotypes will appear in the DDBJ database under accession numbers AB381924-AB381926. Among the 120 cultivars, almost half (59 cultivars) showed haplotype γ. Each of haplotypes A, I, and δ was detected in only one cultivar, 'Osuma', 'Setsugetsuka', and 'Akinoyoso-oi', respectively.
The median-joining network analysis of cpDNA haplotypes showed that three major groups exist in Japanese P. sieboldii populations (Fig. 2) . Haplotypes E, G, H, I, and P belong to group I; haplotypes A and δ to group II; and haplotypes α, β, and γ to group III. Primula kisoana showed a distinct haplotype differing from P. sieboldii in 34 mutations.
Discussion
Ancestral species of cultivars Cultivars of ornamental plants, including several primroses, have often been produced by interspecific hybridization (Iwata et al. 2000 , Richards 2003 , Tanaka et al. 2005 , Ohta et al. 2006 ; however, it was considered that all cultivars analyzed in this study were derived from P. sieboldii only, as judged from cpDNA variation and successful PCR amplification of microsatellite loci. The cpDNA haplotypes detected in the cultivars were the same as, or closely related to, those of wild P. sieboldii, and were clearly different from those of its closely related species, P. kisoana. In accordance with this study, more extensive screening of microsatellite markers (Ohtani 2007 ) also suggested that only five markers were useable for P. kisoana among 250 microsatellites originally developed for P. sieboldii. These results suggest that cultivars of P. sieboldii, have been produced exclusively from intrinsic variation within the species.
Geographic origin of cultivars
Populations in the Arakawa River floodplain and in areas around the Mt. Asama volcano are believed to have constituted a historical metapopulation, the Asama-Arakawa metapopulation. We coined "the Asama-Arakawa metapopulation" herein. The individual populations within this metapopulation were considered to be connected by gene flow, which was the result of dispersal caused by occasional floodwaters. Several types of evidence suggest that populations of the Arakawa River floodplain originated from longdistance dispersal of seeds and clonal propagules carried by water flow from the riparian zones in the Mt. Asama area: the ancient Arakawa River flowed from the areas around Mt. Asama to the Tokyo area until about 3000 years ago (Hirai 1983) , and the species' capability for dispersal by water flow has been reported (Kitamoto et al. 2005a, Nishihiro and Washitani 2006) . Furthermore, historical connectivity between these populations has been supported by genetic clustering based on nuclear microsatellites (Honjo et al. 2008a) and the sharing of cpDNA haplotypes (Honjo et al. 2004) . In the assignment test of this study, most cultivars were assigned to the Asama-Arakawa metapopulation as the origin (Table 2) . Also, among 10 cpDNA haplotypes found in the cultivars, five (α, E, G, H, and I) have been detected in extant wild populations or ex situ stocks from the AsamaArakawa metapopulation (Fig. 1) . Haplotype P was also distributed in a population near Mt. Asama. These results suggest that most cultivars were produced from plants originating in the Asama-Arakawa metapopulation. Since the populations of P. sieboldii in the Arakawa River floodplain were closest to Edo, the region would have been very accessible to many people, including primrose enthusiasts.
Evidence obtained from cpDNA variation suggested that the breeding of some cultivars may have been unique. Haplotypes A and δ of group II were only detected in the cultivars 'Osuma' and 'Akinoyoso-oi', respectively (Table 1) . Haplotypes of group II have only been detected in western Honshu and Hokkaido, and have not been found in extant populations of central Honshu (Honjo et al. 2004 , Honjo et al. 2008b . In contrast, the assignment test based on nuclear microsatellites showed the highest likelihood of occurrence of these cultivar's genotypes in central Honshu. This result suggests two possibilities: that these cultivars were produced (1) by crossing between genets originating in central Honshu and western Honshu or Hokkaido, or (2) from plants belonging to group II that had been distributed in central Honshu. Since 'Osuma' exhibited the third lowest NAC value, this cultivar is likely to have gone through a different breeding process than the others. Likewise, 'Setsugetsuka' only T o t a l 1 8 4 5 2 2 2 3 1 4 7 1 2 0 a The establishment period of cultivars was according to Torii (1985) .
showed haplotype I, and had the lowest NAC value. In addition, several cultivars that were assigned to Hidaka in Hokkaido as a possible origin may have also resulted from unique breeding. However, because the probability of membership of their genotypes to Hidaka was relatively low (α ≤ 0.05), and these cultivars did not show the cpDNA haplotypes detected in Hokkaido, further investigation will be needed to determine whether these cultivars descended from Hokkaido.
The assignment of almost half of the cultivars to haplotype γ suggests that individuals belonging to this haplotype were frequently used for breeding of P. sieboldii cultivars, although haplotypes β and γ have not been found in wild populations. However, these haplotypes might have been distributed in central Honshu because haplotypes C and α, closely related to haplotypes β and γ (Fig. 2) , have been found in extant wild populations and ex situ stocks from the Arakawa River floodplain ( Fig. 1 ; Honjo et al. 2004 , Honjo et al. 2008b . As discussed below, because both the number and size of wild populations of P. sieboldii have decreased, a certain extent of genetic diversity might have been lost from wild populations.
In conclusion, most cultivars appear to have been improved by intraspecific crossing among P. sieboldii originating from the Asama-Arakawa metapopulation, but some are descended from P. sieboldii originating in other areas. The occurrence of natural populations near Edo would have significantly contributed to the horticultural development of P. sieboldii.
Traditional cultivars may retain genetic diversity lost in the wild
Although we examined representative extant wild populations in Japan, three haplotypes (β, γ, and δ) observed in cultivars have not been detected in the wild. Three factors should be considered as possible causes of this discrepancy. Firstly, these haplotypes may be specific to the cultivars. Secondly, these haplotypes may be extant but not detected in the wild populations. Thirdly, these haplotypes may have been lost from the wild populations. The likelihood of haplotypes being specific to the cultivars, however, is low considering the relatively short cultivation history of P. sieboldii compared to the low mutation rate of cpDNA. Although it is extremely difficult to sample all genetic variations remaining in extant wild populations, the possibility remains that genetic diversity has already been lost in them. The appearance of all 10 haplotypes in cultivars established in the early 1800s (Table 3) suggests that the horticultural base of P. sieboldii had been established by that time. Since then, the number and size of wild populations of P. sieboldii in Japan have decreased strikingly due to loss or fragmentation of habitats, the abandonment of traditional management of woodlands and grasslands, and excessive commercial collection (Environment Agency of Japan 2000). Although many populations grew along stretches of the Arakawa River, almost all have been lost because of the rapid growth of Tokyo (Torii 1985) , and only two populations now remain (Ageo and Tajimagahara; Fig. 1 ). Such decline of wild populations might have led to a loss of genetic diversity. The conservation of both wild populations and traditional cultivars of P. sieboldii, which may serve as genebanks (Yoshida et al. 2008) , is essential to maintain biodiversity and invaluable genetic resources.
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